Although amyotrophic lateral sclerosis (ALS), also known as Lou Gehrig's disease, was first described in 1874, a flurry of genetic discoveries in the last 10 years has markedly increased our understanding of this disease. These findings have not only enhanced our knowledge of mechanisms leading to ALS, but also have revealed that ALS shares many genetic causes with another neurodegenerative disease, frontotemporal lobar dementia (FTLD). In this review, we survey how recent genetic studies have bridged our mechanistic understanding of these two related diseases and how the genetics behind ALS and FTLD point to complex disorders, implicating non-neuronal cell types in disease pathophysiology. The involvement of non-neuronal cell types is consistent with a non-cell autonomous component in these diseases. This is further supported by studies that identified a critical role of immune-associated genes within ALS/FTLD and other neurodegenerative disorders. The molecular functions of these genes support an emerging concept that various non-autonomous functions are involved in neurodegeneration. Further insights into such a mechanism(s) will ultimately lead to a better understanding of potential routes of therapeutic intervention.
•
Multiple cellular processes including dysregulation of RNA homeostasis, imbalance of proteostasis, contribute to ALS/FTLD pathogenesis.
• Aberrant function in non-neuronal cell types, including microglia, contributes to ALS/FTLD.
• Strong neuroimmune and neuroinflammatory components are associated with ALS/FTLD patients.
Open Questions
• Why can patients with similar mutations have different disease manifestations, i.e., why do C9ORF72 mutations lead to motor neuron loss in some patients while others exhibit loss of neurons in the frontotemporal lobe?
• Do ALS causal mutations result in microglial dysfunction and contribute to ALS/FTLD pathology? How do microglia normally act to mitigate neurodegeneration in ALS/FTLD?
• To what extent do cellular signaling pathways mediate non-cell autonomous communications between distinct central nervous system (CNS) cell types during disease?
• Is it possible to therapeutically target specific cell types in the CNS?
Introduction
Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder affecting motor neurons [1] , with an incidence of 1-2/100,000 per year [2] . Mean survival time is 3-5 years after onset, with no current cure [3] . Riluzole and Radicava are the two ALS therapies currently available, each displaying a modest impact on disease outcome [4] [5] [6] . In contrast to ALS, frontotemporal lobar degeneration (FTLD) pathology, is characterized by degeneration of the frontal and temporal lobes. FTLD is a major cause of early-onset (<65 years) dementia [7] . FTLD prevalence is somewhat higher than ALS and varies among different studies, ranging from 4-15 per 100,000 [8, 9] . Unlike ALS, there are no approved disease-modifying drugs; patients are treated with drugs that mitigate symptoms. These two diseases were once considered distinct disorders, as ALS patients typical present with loss of voluntary motor strength while FTLD patients exhibit behavioral and/or speech impairments. However, because of an increased understanding of the genetics underlying ALS and FTLD, they are now considered to be part of a continuum. Several lines of evidence support this notion: different individuals within the same family may present with either ALS or FTLD, or a single affected individual may bear symptoms of both syndromes, while mutations of the same genes have been found in both ALS and FTLD patients [10] [11] [12] [13] . One relatively underappreciated aspect of the genetics is the contribution of the immune response in both diseases. This is consistent with observations in other neurodegenerative disease genome-wide association studies (GWAS) that identified immune-genes as disease risk factors [14] [15] [16] . In both Alzheimer's disease (AD) and Parkinson's disease (PD) there is a distinct immune signature defined by GWAS variants and transcriptomic analysis [14] [15] [16] . These data suggest the immune system is a strong modulator of neurodegeneration by acting in a non-cell autonomous fashion to affect neuronal function and survival. In this review, we examine how ALS/FTLD-associated genes can be examined in the context of different cell types of the central nervous system (CNS) (i.e., the neuro-immune axis) to more comprehensively understand ALS/FTLD pathology.
Clinical features of ALS/FTLD: patient symptoms, progression, and pathology ALS is characterized by the rapid development of progressive muscle weakness and atrophy throughout the body [17] . The disease affects both upper motor neurons (UMNs), in the motor cortex, and lower motor neurons (LMNs), in the brainstem and spinal cord. ALS often presents in an isolated region, affecting speech (dysarthria), swallowing (dysphagia), or arm or leg strength that spreads to the entire neuroaxis [18] . Typical ALS diagnosis occurs at age 55 with life expectancy of 3 years after diagnosis [19] . Rare, juvenile forms of ALS with onset before 25 years old were described, with extremely aggressive clinical progression due to certain mutations in FUS [20] and slow progression due to mutations in Alsin (ALS2), Senataxin (SETX), or Spasticsin (SPG11) [21] . Not all motor neurons (MNs) are susceptible to degeneration, but nearly all ALS patients succumb to respiratory failure [19] .
Generally, ALS is divided into sporadic (sALS, 90-95%) and familial (fALS, 5-10%) forms. Further classification includes initial symptom presentation site (bulbar vs. spinal) and progression rate (fast vs. slow progressors), with spinal onset as the most common (~70%). Approximately half of ALS patients display minor changes in cognition and behavior, while~15% may eventually develop frontotemporal dementia [22] . ALS-FTLD is an ALS subtype with signs of cognitive and/or behavioral changes observed in~5-15% of cases [23] . This disease manifestation is enriched in genetic mutations including Chromosome 9 Open Reading Frame 72 (C9ORF72) and TANK Binding Kinase 1 (TBK1) variants of ALS.
Despite these distinct categories, sALS and fALS are clinically and pathologically similar. The primary postmortem neuropathological features of ALS patients are atrophy of anterior horn cells and gliosis in anterior and lateral columns of the spinal cord [24] . In the brain, there is motor cortex atrophy which may also be accompanied by ubiquitin-positive inclusions in neurons of the frontal and temporal lobes, hippocampus and striatum with accompanying dementia [25] [26] [27] [28] [29] . TAR DNA binding protein 43 (TDP-43) constitutes the main component of these inclusions in the vast majority of ALS/FTLD patients [30, 31] . Interestingly, TDP-43 brain inclusions are absent from ALS patients with Super Oxide Dismutase 1 (SOD1) or fused in sarcoma (FUS) mutations. Peripherally, there is myelin atrophy and axonal degeneration [18] .
FTLD is characterized by pathological frontal and temporal lobe atrophy [32, 33] . There are three major FTLD subtypes, depending on specific protein aggregates observed in post-mortem tissue: FTLD-U (ubiquitin and TDP-43), FTLD-tau, and FTLD-FUS [31, 34, 35] , with approximately half of all FTLD patients exhibiting TDP-43 pathology while the remainder have tau or FUS pathology [36] . That TDP-43 pathology is also found in nearly all ALS patients suggests a shared pathophysiology between these two diseases.
Looking at ALS/FTLD through a genetic perspective
Mutations in SOD1, the first causative ALS gene identified in 1993 [37] , are amongst the most penetrant ALS associated alleles [38] [39] [40] . It is thought that mutant SOD1 acts as a gain of function, acquiring toxicity through protein misfolding and aggregation [41] . Because MN loss is a disease hallmark, early research focused on a neuron-centric view of ALS. The identification of hyper-phosphorylated, ubiquitylated, and cleaved TDP-43 as a pathological hallmark of ALS/FTLD [31] was a breakthrough, suggesting a common mechanism among the different genetic cases. Additionally, post-mortem studies in sALS, ALS with dementia, and SOD1-negative fALS revealed TDP-43 immunoreactivity [42] , whereas SOD1 pathology is observed only in the presence of SOD1 mutations. Collectively, the data imply SOD1-mediated ALS arises from a distinct mechanism separate from most sALS and fALS cases that feature TDP-43 cytoplasmic accumulation [31] . Furthermore, clinically, SOD1-ALS does not associate with concomitant FTLD and patients are less likely to display significant cognitive changes [43] .
In 2008-2009, mutations in Transactive Response DNA Binding Protein 43 kDa (TARDBP), encoding the TDP-43 protein, and FUS were identified in ALS patients [44] [45] [46] . Mutations in the TARDBP C-terminal glycine-rich region and the FUS C-terminal region promote cytoplasmic aggregation of these proteins. For TDP-43, the glycine-rich regions encode low-complexity domains that promote aggregation and potential transcellular propagation [47] . These two RNA-binding proteins (RBPs) play roles in mRNA transcript processing, splicing, stability, and RNAprotein stress granules (SGs). Although TDP-43 and FUS protein aggregates are found in ALS patients carrying their respective mutations, TDP-43 pathology does not seem to overlap with FUS or SOD1 pathology.
TDP-43 and FUS interact with the proteins hnRNPA1, hnRNPA2B1 (Heterogeneous Nuclear Ribonucleoprotein A1 and A2B1), and MATR3 (Matrin 3) [48, 49] in their RNA metabolic functions. Mutations affecting the protein structure of the prion-like domain of hnRNPA1 and hnRNPA2B1 also cause multi-system proteinopathy and ALS [48] , while mutations in MATR3 cause fALS whereby patients often exhibit myopathy [49] . These findings transformed the view of ALS, suggesting ALS is not limited to protein aggregation but includes dysregulation of multiple pathways; thus its etiology is more complex than originally believed. One common theme is that mutant forms of these proteins lead to dysregulation of cellular homeostasis in the CNS. These proteins contain RNA-binding domains and/or aggregation-prone protein domains, which increase the tendency of these molecules to form aggregates [50] [51] [52] .
Regardless of the cause/effect relationship between these aggregated proteins and disease, one hypothesis suggests the mechanism(s) involved in regulating aggregates, e.g., protein turnover/autophagy, might also become compromised in aggregate bearing cells and in turn contribute to disease. Consistent with this notion are numerous studies linking several important autophagy and proteostasis genes to ALS: Sequestosome 1 (SQSTM1)/ p62, Optineurin (OPTN), TBK1, Ubiquilin 2 (UBQLN2), Valosin Containing Protein (VCP), and cyclin F (CCNF) [53] [54] [55] [56] [57] [58] [59] [60] (Table 1) . While the link between SOD1, TDP-43, and FUS with autophagy-related genes may be the ability to maintain cellular homeostasis, it remains unclear why this pathology affects only a subpopulation of MNs. Perhaps mutant proteins possess inherent cellular toxicities, overwhelm the response mechanism, and compromise their ability to handle the initial insult; thus, a second insult arises in the response mechanism, further disrupting homeostasis, leading to additional dysfunction and death (Fig. 1 ). As many ALS causal genes have multiple cellular functions, such mutations may disrupt more than one homeostatic pathway in neurons and/or non-neuronal cells. Cells that require fast and efficient mechanisms to maintain normal homeostasis, such as neurons, are likely to be more susceptible to situations where multiple housekeeping functions are dysregulated. One intriguing finding that supports a combination of cellular pathways leading to a common pathology is the presence of multiple disease gene variants in more than one ALS-associated gene in a single patient. A recent study showed that having more than one causal mutation is linked to earlier disease onset, but not other clinical features such as duration or site of onset [61] .
An example of homeostasis is the formation and dissociation of SGs, cytoplasmic membrane-free organelles that arise as a physiological response to cellular stress and subsequently cleared by autophagy. SGs comprised various proteins involved in RNA metabolism, transport, and transcription, and they also contain several RBPs such as TDP-43, FUS, and hnRNPA1 [62] . Other proteins found in SGs include Senataxin, mutations in which cause a rare form of juvenile ALS [63] , and Ataxin-2 (ATXN-2), where intermediate-length polyQ protein expansions are associated with ALS [64] . In disease conditions, aberrant homeostasis leads to SG accumulation and fibril formations containing RBPs and other associated proteins [65, 66] . The low-complexity RBPs are more predisposed to a phenomenon known as liquid-liquid phase separation (LLPS), which may initiate or exacerbate disease pathology by facilitating the formation and continued presence of SGs due to impaired dissociation [65, 66] . Recently, it was reported that mutations in the low-complexity domain of T cell-restricted intracellular antigen-1 (TIA1) cause ALS/ FTLD [67] . The TIA1 mutations impair SG dynamics, and SG recruited TDP-43 protein becomes insoluble. The data suggest altered SG formation impacts ALS pathology through aberrant LLPS function by affecting clearance of SG-associated proteins such as TDP-43. This table lists data from the Barres Lab [111] showing some of the major ALS/FTLD-related genes and their associated cellular functions, together with their RNA expression from human tissue derived from different CNS cell types. For a more comprehensive list of the genetic landscape of ALS/FTLD refer to Guerreiro et al. [13] . Fig. 1 A model of neuron-microglia interplay in disease progression. In a healthy individual, all cells within the CNS are equipped with a myriad of functionalities to maintain optimal homeostasis as well as an ability to respond to acute insults. This process is regulated in both an autonomous and non-cell autonomous manner. A healthy neuron undergoes normal mitochondrial fission/fusion and elimination of damaged mitochondria, efficient axonal transport, and RNA metabolism. In healthy microglia, key functionalities actively maintain CNS homeostasis by directly interacting with the extracellular space via both phagocytosis-and lysosomal-mediated flux. During the aging process, neurons can become damaged due to an ALS causal mutation, sustained head trauma, environmental stresses, or some combination thereof; in ALS, this leads to motor neuron dysfunction (Hit 1). This may lead to alterations in neuronal proteostasis and/or basic cellular functions, e.g., in mitochondria biogenesis/ dynamic, axonal transport, or RNA metabolism. Under such conditions, the genetics as well as the mechanistic data indicate that microglial function also becomes impaired (Hit 2). This microglial impairment is manifested via dysfunction in autophagy, phagocytosis and/or other homeostatic cellular pathways in these cells, resulting in a shift in their secretory/inflammatory profiles. Thus, it is these multi-cell and multipathway failures (Hit 1 + Hit 2) that we hypothesize lead to the initiation of ALS/FTLD. As other cells (e.g., astrocytes, oligodendrocytes) in the affected micro-environment respond, they too become functionally aberrant in a similar fashion, causing further damage and progressive degeneration (Hits 1/2 + Hits 3/4)
Another class of genes identified as ALS/FTLD risk factors are those involved in cytoskeletal dynamics. The identification of Microtubule Associated Protein Tau (MAPT), Dynactin Subunit 1 (DCTN1), Neurofilament Heavy Polypeptide (NEFH), Profilin (PFN1), NIMA Related Kinase 1 (NEK1), and Tubulin Alpha 4a (TUBA4A) [68] [69] [70] [71] [72] [73] [74] as ALS causal genes (Table 1) support this notion. It should be noted that most of the genes described thus far are rare genetic occurrences in the totality of ALS. The expansion of a hexanucleotide (G4C2) repeat in an intronic region of the C9ORF72 gene was identified as the most common mutation in familial ALS/FTLD patients [75] [76] [77] [78] [79] . This expansion occurs in the intronic region between two alternative non-coding first exons and leads to three observable phenotypes (Fig. 2) . First, C9ORF72 intronic expansion allows for RNA foci formation that can sequester a subset of nuclear RBPs [80] [81] [82] [83] [84] [85] . Second, C9ORF72-associated dipeptide repeat (DPR) proteins are generated by Repeat Associated Non-AUG (RAN) translation of the (G4C2) repeats. Depending on direction and frame of translation, these DPRs comprised poly-GP, GA, GR, PA, and PR. Poly-GA and GR appear to be more aggregationprone, whereas poly-GA, GR, and PR appear to be more cytotoxic [86, 87] . It was recently proposed that argininerich DPRs such as PR may induce SG formation and alter SG dynamics [66] . Patients harboring expanded (G4C2) repeats also exhibit pathological cytoplasmic TDP-43 aggregates in neurons. Finally, hexanucleotide expansion reduces endogenous C9ORF72 levels. In this regard, studies suggest a C9ORF72 role in early formation of autophagosome and lysosome function [88] [89] [90] . Furthermore, C9ORF72 could interact with Cofilin, an actin-binding protein, to take part in cytoskeletal dynamics [91] . Thus, hexanucleotide expansion-mediated loss of C9ORF72 could be detrimental via numerous mechanisms. Given its involvement in many of the pathologies known to be affected in 
Non-cell autonomous pathology and the role of glia in ALS/FTLD
Because MN loss is a disease hallmark, much of the early research focused on a neuron-centric view of ALS/FTLD, yet recent studies have implicated non-neuronal cell types in disease, including astrocytes, oligodendrocytes, and microglia. These observations were made after histogical assessments and transcriptomic profiling of disease tissue, which identified a strong non-neuronal signature in ALS and other neurodegenerative diseases [92] [93] [94] . While early views of glial activation in disease emphasized a secondary role for microglia and astrocytes as neuronal injury responders, more recently these cells are thought to be more actively involved in disease [95] . Such interpretations align with expression patterns of several ALS causal genes, which are limited to non-neuronal cell types ( Table 1) . The prevailing view is that these cells act in a non-cell autonomous manner to affect ALS/FTLD pathology. Consistent with the idea that neuro-inflammation is relevant to disease, the microglial transcriptional signature changes during disease progression in SOD1 G93A mice [95, 96] . Moreover, SOD1
G93A -derived microglia upregulate factors linked to neurotoxicity, indicating an ability of microglia to influence surrounding cells [95, 96] . While the functional consequence of the microglial changes are not fully understood, this dramatic transcriptional reorganization suggests a role for microglia in pathogenesis. A seminal study from the Cleveland lab established that in SOD1 G93A mice, microglia-specific transgene ablation prolongs survival [97] . Introduction of wild-type donorderived microglia into microglial-deficient SOD1 G93A / PU.1 −/− mice slowed MN loss and extended survival compared to mice receiving SOD1 G93A microglia, providing further evidence of a non-cell autonomous microglial role [98] . Furthermore, Gerber et al. [99] described a role for microglia in the initiation of ALS in a hSOD G93A mouse model while others have shown that during disease progression microglia switch to an activated neurodegenerative state [100, 101] . Altered microglia function is also observed in an animal model of FTLD [102] . Interestingly, MAPT, a protein whose misfolding, mislocalization, and aggregation are hallmarks of AD, is mutated in FTLD [103] . The FTLD-associated mutation P301S MAPT was utilized in various mouse models of tauopathies, where robust microglia activation is observed prior to tau tangle formation [104] . This study also showed tau pathology was attenuated by treating with an immunosuppressive agent, FK506. A recent study also showed that microglia play an active role in propagating tau pathology [105] . These data underscore the role that microglia play in ALS/ FTLD-not only as responders to pathology but also as mediators of disease progression.
While microglia clearly play a role in ALS/FTLD, some toxicity leading to MN loss may occur through a detrimental effect mediated by astrocytes. Consistent with this idea, MN death was observed in neurons co-cultured with astrocytes derived from induced pluripotent stem (iPS) cells from sALS patients, but not from control patient-derived astrocytes [106] . Additional studies implicating a non-cell autonomous role for astrocytes includes one in which mutant SOD1 astrocytes selectively kill primary spinal and embryonic mouse stem cell-derived MNs, an effect believed to be mediated by soluble toxic factors released from astrocytes [107] . The mechanism of this non-cell autonomous toxicity was shown to be RIPK1-dependent necroptosis in MNs [106] . Interestingly, an in vivo study reducing expression of mutant SOD1 in astrocytes did not affect disease onset in a SOD1 G37R transgenic mouse model, but slowed disease progression [108] .
Additionally, there is significant evidence that oligodendrocytes contribute to ALS pathologies in mouse models. Removal of mutant SOD1, specifically from oligodendrocytes, extends survival of SOD1 G93A ALS mice [109] . Finally, a recent GWAS identified mutations in the Myelin-Associated Oligodendrocyte Basic Protein (MOBP), a gene whose expression is thought to be limited to oligodendrocytes, as a risk locus for ALS [110] . Given its restricted expression pattern, it seems likely that oligodendrocytes harboring MOBP mutations fail to communicate properly with MNs, and that this defective signaling contributes to disease.
Based on these findings, it is evident that ALS/FTLD pathology is mediated by multiple cell types and that intracellular communication between different CNS cell types contribute to pathology. Many ALS/FTLD-associated genes are highly expressed in microglia, as compared to other CNS cell types ( Table 1) , including some recently discovered ALS/FTLD causal genes-C9ORF72, OPTN, TBK1, and SQSTM1/p62 [111] . These observations, while somewhat unexpected, underscore the importance of noncell autonomous processes in ALS pathophysiology.
Microglia function in development and homeostasis
While microglia were first identified many years ago, the complexity of their origin and function has only recently been elucidated [112, 113] . As sentinels of the CNS, microglia play a vital role in both physiological and pathological conditions. Below, we briefly mention some critical microglia functions and speculate as to how disruption of microglia homeostasis might contribute to ALS/FTLD pathology and progression.
During embryonic and postnatal development, microglia are critical for proper CNS formation by promoting neuronal survival through release of neurotrophic factors. Examples of microglia involvement during development include: secretion of Insulin-like Growth Factor-1 (IGF-1) to support cortical neuron survival [114] , microglial-neuronal interactions to promote survival via CX3CL1/CX3CR1 fractalkine signaling [115, 116] , cellular pruning via nerve growth factor-induced cell death in retinal neurons [117] , removal of cellular debris through phagocytosis resulting from apoptosis [118] and elimination of neurons undergoing regulated cell death via phagocytosis and lysosome degradation in zebrafish [119, 120] . Additional roles include clearance of myelin debris during development and aging [121] [122] [123] and activitydependent synaptic pruning during development and disease via complement receptor CR3 pathway in a mouse AD model [124] .
Microglia rely on their ability to phagocytose and eliminate substrates through lysosomal degradation during normal and disease conditions. Supporting this notion, inefficient clearance of myelin debris in CX3CR1-deficient mice impairs remyelination [125] . Furthermore, impaired phagocytosis in Triggering Receptor Expressed On Myeloid Cells 2 (TREM2)-deficient microglia exacerbates ischemic damage in experimental stroke [126] . TREM2, which has been genetically linked to AD [127, 128] , was identified as an ALS/FTLD risk allele [129, 130] . Thus, we hypothesize that in pathological conditions normal microglial function is compromised due to excess cellular debris resulting from dying or damaged MNs. Furthermore, in the context of aging and/or neurodegeneration, their dysregulation leads to deleterious consequences, though exactly how they are involved in ALS/FTLD pathology is less well understood.
It is noteworthy that defects in pathways known to be involved in ALS pathophysiology are not limited to MNs, but are also observed in microglia. Given their essential non-cell autonomous supportive CNS role, altered microglia functions may also impact MN physiology and viability. Thus, we propose that homeostatic non-cell autonomous interactions are disrupted in disease, leading to further CNS dysfunction and damage.
A role for microglia in ALS/FTLD
Neuroinflammation, characterized by astrogliosis, microglial activation, and peripheral immune cell invasion, is one of the hallmarks of ALS patients [131] [132] [133] [134] . In fact, the presence and morphological changes of these cells, as well as the manifestation of self-recognizing antibodies in patients, suggested that ALS was an autoimmune disease [135] . While this idea may not accurately reflect the nature of ALS, that this hypothesis was presented underscores the importance of immune modulation in disease. In postmortem ALS patient tissue there is increased microgliosis in numerous regions which exhibit MN degeneration including the motor cortex, portions along the corticospinal tract, and in the ventral horn of the spinal cord [131, 132] . In fact, the level of microglial activation in post-mortem tissue correlates with end-stage clinical measures of executive function [136] . These studies detail the presence of microglia and other immune cells at end stage; however, the role of these cells during initiation and progression has not been fully elucidated.
To address this, different imaging approaches examined the dynamic nature of microglia in ALS. In vivo positron emission tomography (PET) imaging identified microglial activation in several different regions in ALS patients. Using either 11C-PK11195 or PBR-28, translocator protein radio-ligands that image microglial activation, robust PET signal was observed in regions corresponding to MN injury in ALS [137, 138] and FTLD patients [139] . These data indicate that immune-associated clinical markers are disease relevant as higher PBR-28 signal correlates with worse ALS clinical function [137] . This is also consistent with the finding that increased microglial pathology associated with worse clinical outcomes [140] . These data show a distinct correlation between microglial activation and damage to UMNs [141] and that there is a clear role for microglial activation at various disease stages [142] . Based on our improved understanding of microglial physiology, accumulating evidence suggests they help regulate CNS homeostasis and contribute to degeneration in ALS.
Microglia have been implicated in mediating pathology in SOD1 G93A mice; however, whether this is due to a gain or loss of microglial function is unclear. Given its central role as the immune homeostatic surveillance system in the brain, one intriguing possibility is that loss-of-function mutations in genes implicated in microglial function alters the ability of these cells to efficiently maintain tissue homeostasis. To illustrate this point, a recent study showed that C9ORF72 gene is highly expressed in myeloid cells and required for proper immune and microglial function [90] . C9ORF72 null mice present an altered immune profile and an accumulation of lysosomes in microglia, suggesting microglia dysregulation may contribute to ALS/FTLD pathology through dysfunction of the microglial clearance system [90] . While C9ORF72 loss-of-function mice display observable phenotypes, they do not recapitulate ALS/FTLD patient pathology or other more aggressive ALS mouse models. This suggests the C9ORF72 intronic expansion contributes to patient pathology. In fact, several laboratories introduced human disease causing forms of C9ORF72 into mice via BAC transgenics or adeno-associated virus (AAV) technology to recapitulate gain-of-function effects [143] [144] [145] [146] .
While these gain-of-function models exhibit features of ALS with varying degrees of neurodegeneration and behavioral deficits, they do not completely recapitulate the severity of ALS or other ALS mouse models. These studies suggest that both C9ORF72 gain-and loss-of-function play a role in patients harboring the (G4C2) intronic expansion. These observations are important because much of the therapeutic effort for this target focus on attenuating the gain-of-function of mutant C9ORF72. Thus, this strategy may not prove sufficiently efficacious if loss of C9ORF72 also contributes to disease due to improper immune and microglial function. One approach is to examine the C9ORF72 BAC or AAV models in the context of C9ORF72 null background to test the hypothesis that lysosomal function and protein degradation will be exacerbated with C9ORF72 haploinsufficiency.
These studies highlight a pathological role for microglia in disease; however, the cause/effect relationship between microglial activity and disease remains unclear. Do signals from degenerating MNs trigger microglial responses? Alternatively, do changes observed in microglia cause MN degeneration or both? Regardless of the sequence of events, such scenarios are indicative of non-cell autonomous interactions, and these interactions may serve as key drivers of disease progression. Thus, given their role in supporting neuronal physiology and overall health, we consider evidence of defects in microglia as having deleterious impacts on neurons due to a failure in its sentinel functions, and per definition, occur through cell-to-cell interactions.
Microglial-mediated autophagy and protein turnover in ALS/FTLD ALS mutations affect genes involved in protein degradation (UBQLN2, OPTN, SQSTM1/p62, VCP, charged multivesicular body protein 2B (CHMP2B), FIG4 phosphoinositide 5-phosphatase (FIG4)), or genes that result in the formation of protein aggregates (TDP-43, FUS, C9ORF72, SOD1); this suggests that disruptions to pathways that clear aggregated or misfolded proteins are likely to contribute to disease onset and/or progression. These aggregates and/or their oligomeric precursors induce cellular stress and therefore negatively affect homeostasis [147, 148] , ultimately contributing to axonal degeneration and cell death. Thus, identifying and investigating specific protein degradation pathways that contribute to ALS pathology is necessary to better understand disease. One such pathway is the autophagy/lysosomal system, which, upon its induction, enhanced TDP-43 turnover and improved survival in ALS models [149] .
Autophagy is an evolutionarily conserved process handling the degradation of cytoplasmic cargo to regulate cellular metabolism and protein homeostasis [150] [151] [152] and is critically important to normal brain homeostasis as autophagy-deficient mice exhibit neurodegeneration and neuronal accumulation of aggregate-prone proteins [153, 154] .
With the emergence of flux into the lysosome as an important modality to clear intracellular aggregates and damaged organelles, the autophagic machinery has emerged as a vital defense against neurodegeneration. Genetic studies provide a direct connection between ALS/FTLD-related genes and the autophagy-lysosome pathways. For example, TBK1 [1, 58] controls autophagosome maturation during autophagy-mediated antimicrobial defense [155] and autophagosomal engulfment of polyubiquitylated mitochondria [156] . Other studies showed a requirement for TBK1 and OPTN for efficient mitophagy [157, 158] . The notion that lysosomal-mediated clearance of damaged mitochondria is important for CNS homeostasis is consistent with current PD research, which indicates that PINK1 and PARKIN2 are mitophagy regulators [159] [160] [161] . Additionally, SQSTM1/p62 facilitates degradation of ubiquitylated protein aggregates by autophagy [162] and also induces mitophagic clearance after NLR Family Pyrin Domain Containing 3 (NLRP3) agonists that cause mitochondria damage [163] . Finally, C9ORF72 may regulate autophagy and endocytic transport as C9ORF72 colocalizes with Rab proteins in neuronal cell lines and ALS patient MNs [164] .
To date, significant research focused on aggregate and organelle clearance within susceptible neuronal populations. However, TBK1, OPTN, and SQSTM1/p62 also have strong immune system connections, suggesting that autophagy dysregulation in cells responsible for the immune response may contribute to neurodegeneration. Furthermore, C9ORF72 loss causes lysosome accumulation in macrophages and microglia, which is observed in C9ORF72-ALS patients [90] . An additional direct link between microglial lysosome function and ALS/FTLD is the FTLD-associated gene Progranulin [165, 166] . This gene, which is highly expressed in microglia, is linked to FTLD and Gaucher's disease, a severe lysosomal storage disorder [167] . Furthermore, Progranulin loss leads to a defect in microglial synaptic phagocytosis in a complement-and presumably, lysosomal-dependent manner [102] . These observations strongly suggest that these ALSand FTLD-associated proteins involved in autophagy and lysosomal function also perform an important role in CNS immune homeostasis. Altered lysosomal function may shift microglial homeostasis in the CNS, resulting in a highly compromised state and leading to disease susceptibility and/or progression. Possible outcomes may be a failure of normal microglia support functions, disrupted intercellular signaling and/or release of soluble neuro-toxic factors.
We hypothesize that lysosomal flux is critical to microglia function; when flux is dysregulated in microglia, their cellular output (cytokine, cell-cell interactions, etc.) is altered. This idea is consistent with findings in various OPTN mutant mouse models [168] . OPTN depletion in microglia affects myelin homeostasis, which in turn, results in an impairment of oligodendrocyte myelination. Loss of OPTN in oligodendrocytes and myeloid cells (not in astrocytes or MNs) produced subtle deficits in axonal myelination, features observed in ALS/FTLD patients and in SOD1 G93A mice [168] . Interestingly, the microglial transcriptional profile derived from OPTN-deficient mice was also altered, consistent with microglia dysregulation. We speculate this effect acts as a mechanism driving ALS pathology, as OPTN is associated with autophagy and endocytosis/phagocytosis. From work in the OPTN mouse model, it is hypothesized that microglia have a vital role in maintaining CNS homeostasis and thereby preventing axonal pathology [168] . This supports the possibility that non-cell autonomous activity of axonal maintenance is critical in preventing ALS/FTLD pathology.
While ALS/FTLD genetics point to a prominent role for the autophagy/lysosomal pathway in disease, the precise role of the ubiquitin-proteasomal pathway in etiology is unclear. Interestingly, ubiquitin-positive inclusions are a hallmark of ALS [30, 31] , implicating this degradative pathway in disease. However, to date, GWAS have not linked Ubiquitin-Proteasome System (UPS) machinery components with ALS/FTLD. However, missense mutations in the UBQLN2 gene were identified in X-linked dominant ALS/FTLD [55] . While this protein has been implicated in delivery of ubiquitylated cargo to the proteasome [169] , its function is not fully understood and it may be more relevant for lysosomal function [170] . Thus, the role of the UPS pathway needs to be further explored and in particular, focusing on how this pathway is regulated in microglia in neurodegeneration. Furthermore, the balance between the UPS and the autophagy/lysosomal pathway in these cells needs closer examination. Future experiments examining how homeostasis and protein turnover is altered in the autophagy/lysosomal and ubiquitin/proteasomal pathways in ALS/FTLD will rely on animal models to determine the degree of crosstalk within and between various cell types in disease.
As many of ALS causal genes fall into very distinct cellular functions or pathways, one question is whether simultaneous dysfunction of multiple pathways contribute to disease. For example, TARDBP mutations disrupt at least two pathways (e.g., RNA processing and aggregation clearance) in all cells, yet ultimately causes MN-specific cell death. Likewise, disease causing C9ORF72 mutations also disrupt numerous pathways including endosomal trafficking, lysosomal function, and the immune system [90, 164] . These impairments, in parallel with the appearance of mutant C9ORF72-depedent nuclear RNA foci and dipeptide accumulation, suggest a multi-system dysregulation that leads to ALS. An intriguing hypothesis for the prevalence of C9ORF72 pathology in ALS/FTLD is that C9ORF72 hexanucleotide expansion mutations simultaneously affect more than one vulnerable process on the path to ALS/FTLD (Fig. 1) .
Conclusions and future directions-multi-pathway dysfunction as a cause for neurodegeneration?
This review provides a broad summary of ALS/FTLD in the context of clinical presentations, genetics, and non-cell autonomous contributions of microglia, astrocytes and oligodendrocytes to disease. In particular, we describe how disruptions to ALS-related pathways in these cells, with particular emphasis on the autophagy/lysosomal and ubiquitin pathways, may impact MN physiology and viability. The review also highlights the growing consensus that microglia are essential in maintaining proper neuronal homeostasis, and that dysregulation of microglia-mediated pathways are also involved in neurodegeneration. Thus, the genetics of ALS/FTLD as well as data generated from preclinical disease models indicate disrupted CNS microglial function and suggest that these aberrant activities contribute to onset or progression. Such a hypothesis is in line with pathological features observed in patients. With the ability to understand that ALS/FTLD may in part be caused by a dysfunction in microglia, an important step in developing a therapy is to determine the best way to target a specific cell type in the CNS. In this context, targeting a phagocytic cell in the CNS may in fact be advantageous. One emerging approach to address the role of ALS/FTLD-related pathways is to utilize a single-cell sequencing approach in animal models, patient-derived tissue and human postmortem brain to elucidate shared transcriptional or epigenetic signatures [171] . This technology will aid in simultaneously identifying conserved, dominant and/or disrupted pathways in multiple cell types in the diseased CNS.
Such efforts may help define a common mechanism central to ALS/FTLD neuropathophysiology or point to multiple independent mechanisms within each of the different cell types. One can imagine expanding the therapeutic strategy to include a combinatorial approach whereby two or more independent cellular processes will need to be targeted in different cell types. Additionally, these approaches may help inform biomarker strategies ultimately aiding in diagnosis and progression, as well as providing a means to assess treatment efficacy, in ALS/ FTLD patients.
In summary, ALS/FTLD patients present with a large degree of varying clinical symptoms and subtypes, underscoring the complexity and heterogeneity of disease etiology. A more comprehensive pathogenesis of ALS/ FTLD might be explained by the disruption of several different pathways and non-neuronal cell types affecting nonautonomous signaling. Given these observations, it is tempting to speculate that perhaps one preferentially affected pathway may give rise to a particular type of ALS/ FTLD onset. Viewing this disease from a broader perspective will help elucidate additional mechanisms that may apply more broadly to other neurodegenerative diseases, and serve as a compelling basis for investigators to devise novel strategies that target specific cell types and pathways.
